Abstract: Logging has ecological effects on invertebrates in
Invertebrados y Manejo de Bosques Boreales

Resumen: En el bosque boreal Fenoscandiano, la tala ha ocasionado efectos ecológicos en los invertebrados. Especies particularmente afectadas son aquellas asociadas con microhábitats de bosques naturales maduros, como son los de detritus de porciones grandes de madera, árboles deciduos grandes y parches de bosques de humedal. Aunado a esto, el control efectivo de incendios forestales ha afectado de manera adversa a muchas especies que requieren se substartos quemados. Aunque organismos especialistas de bosques maduros tienden a desaparecer de áreas completamente taladas, las riqueza local de especies de invertebrados (diversidad ␣ ) puede incrementar puesto que generalistas de bosques persisten y una cantidad numerosa de especies de hábitats-abiertos aperecen. Esto parece ser cierto por lo menos para los taxas que no estan directamente asociados con microhábitats característicos de bosques maduros mencionados con anterioridad (e.g., escarabajos terrestres y araños). Sin embargo, a escala de paisaje o biogegráfica, la tala intensiva tiende a homogeneizar los hábitats boscosos y conduce a una disminución de especies sensitivas. En base a estos resultados, tres aproximaciones complementarias parecen ser útiles para el mantenimiento de la biodiversidad boreal, cuando se tala madera: (1) Bosques no perturbados deben ser considerados aparte para mantener las especies especialistas y para que sirvan como fuentes de recolonización. (2) Puesto que estas reservas no son y probablemente no seran grandes ni regionalmente representativas, prácticas silviculturales con matíz ecológico deben ser desarrolladas usando regímenes de disturbación natural. (3) Es imperativa la restauración de hábitats y procesos de regeneración natural utilizando incendios para recuperar especies asociadas
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Introduction
Increasing public criticism of boreal forest management (Anonymous 1993) has prompted development of methods intended to enhance the maintenance of biodiversity while harvesting timber in a socio-economically acceptable way (Franklin 1989; Esseen et al. 1992; Bradshaw et al. 1994; Korhonen 1994; Noss & Cooperrider 1994) . Nevertheless, due to incomplete knowledge about the ecological effects of the current forestry practices, the new methods are working hypotheses rather than carefully tested concepts . Consequently, it is useful to summarize existing knowledge about the effects of forestry to help develop urgently needed guidelines for an ecologically sustainable use of forest resources in the taiga.
Although their potential utility as a surrogate for biodiversity is immense, invertebrates are rarely used in conservation studies (Franklin 1993; Kim 1993; Kremen et al. 1993; Miller 1993; Loreau 1994) . In Fennoscandia, however, a considerable body of information about the effects of forestry on invertebrates has accumulated. I use these studies to summarize the main effects of forestry on boreal biota and discuss possible ways of maintaining boreal forest biodiversity while harvesting timber. I supplement these data with recent studies of other organisms in order to disclose whether recurring relationships occur among taxa that could guide management decisions. The review is not intended to be exhaustive, but rather representative of the kinds of studies that have been conducted. Although I focus on Fennoscandia, it is likely that many of the patterns are similar in various parts of the boreal zone as are the management recommendations based on them .
Knowledge of the scale(s) on which variation occurs is imperative for management and conservation (Schneider 1995) . The scale varies among taxa, according to the spatio-temporal range with which each taxon interacts with its biotic and abiotic environment (Turner et al. 1995) . The studies I review have focused on three ecological scales: (1) small scale (i.e., in the range of a few meters within forest stands); (2) local scale, which refers to the turnover of species across forest stands; and (3) biogeographical scale, covering areas of thousands of square kilometers.
Most of the studies use data collected by various kinds of traps. A problem associated with the use of trap data is that it may be difficult to judge whether the species captured is able to reproduce in that particular habitat.
Because many forest-dwelling arthropods are wide-ranging species, stragglers may be found in habitats where they are not able to reproduce. This possibility has to be considered when interpreting trapping data.
Small Scale Effects of Logging Patchy Occurrence of Invertebrates
Many invertebrates have clear micro-habitat requirements within boreal forest. An example of a patchily occurring species adversely affected by logging is the carabid beetle, Platynus mannerheimi , which occupies wet, spruce-dominated mires or swamp-forests in mature, untouched coniferous forest (Niemelä et al. 1987; Lindelöw 1990 ). Although Niemelä et al. (1992 b ) and Siitonen (1993) found the species in other types of wet forest, the critical resource for this species appears to be high soil moisture and presence of dead and decaying trees. The spruce mires occupied by the species in oldgrowth forests are usually small, a few tens of square meters, and patchily distributed even in the natural taiga. Extrapolating from the limited knowledge of the ecology of the species, I assume that P. mannerheimi suffers from the destruction of its habitat in two ways. First, as a consequence of removal of trees and subsequent change in environmental conditions, populations of P. mannerheimi go locally extinct. In addition to old swamp-forests the species has been found in recently cut sites (logged 0-2 years prior to study), but not in older sites, indicating that it may survive the immediate impact of cutting, but is not able to reproduce in the early successional forest stages due to their dryness . Second, the destruction of suitable habitat patches leads to increased isolation between the remaining ones, decreasing the likelihood of recolonization after a local extinction . More research is needed to establish the exact colonization ability of this and other similar species.
Another example of species with specific habitat requirements are those associated with dead and decaying trees (Esseen et al. 1992; Siitonen 1994; Økland et al. 1996) . For instance, Kaila et al. (1997) reported from central Finland that although species richness of saproxylic beetles inhabiting birch snags did not differ between mature forests (trees 70-80 years old) and nearby clearcuts (logged 0-4 years prior to study), species turnover between these two habitats was significant. Fur-thermore, the number of rare species ( Յ 50 known localities in Finland in 1960 ( Յ 50 known localities in Finland in -1989 was about the same in the clear-cuts (15 species) and in the mature forest (13 species) but only seven rare species were found in both habitats.
Similarly, Väisänen et al. (1993) found no difference in number of beetle species per dead trunk between oldgrowth and managed forest in central Finland (1.3 species/trunk in old-growth, 1.2 in managed forest). However, the number of rare species ( Յ 50 known localities in Finland) was much higher in old-growth forest (8 species, 0.5 species/m 2 ) than in managed forest (4 species, 0.1 species/m 2 ). Furthermore, none of the rare species were found in both forest types. In conclusion, managed forests do not necessarily harbor fewer species, but certain specialist species of old-growth forest do not survive in the managed forests (Väisänen et al. 1993; Samuelsson et al. 1994; Siitonen et al. 1995) . On the other hand, open and dry conditions in early successional stages are required by some tree-living species (Berg et al. 1994; Muona & Rutanen 1994; Kaila et al. 1997 ).
Aspen-Keystone Resource amidst the Conifers
In the taiga large aspen trees ( Populus tremula ) scattered among the conifers host a diverse flora and fauna (Gustafsson & Eriksson 1995) . Many species of insects (Siitonen & Martikainen 1994 ) and epiphytic lichens (Kuusinen 1994 b ) occur on the trunk, and the litter forms favorable habitat for many invertebrates (Niemelä 1990 ). For instance, higher diversity of carabids was found in patches of aspen litter than in the surrounding carpet of needle litter (Niemelä et al. 1992a ). Furthermore, preliminary results from an experiment where aspen litter was introduced to coniferous forest lacking aspens indicate that many predatory forest-floor arthropods aggregate in these litter patches (Koivula 1996) . Mattila (1989) showed that in coniferous forest landsnails clearly prefer patches of aspen litter to that of other deciduous trees ( Fig. 1 ) because of its high concentration of potassium, which land-snails require for shell development (Valovirta 1968) . It is not known, however, whether arthropods favor aspen litter because of higher concentrations of food particles, shelter, or other reasons.
Unfortunately, mature aspen trees have been actively removed from Fennoscandian forests because they have been considered of little economic value and because the tree is an intermediate host for the rust fungus ( Melampsora pinitorqua ) which attacks pine ( Pinus sylvestris ). The decrease in the number of large aspen trees in old, managed forests has probably contributed to the decline of several invertebrates associated with this species (Ehnström et al. 1993; Rutanen 1994; Siitonen & Martikainen 1994 ).
Effects of Forestry on the Local Scale
Here, the local scale represents variation across types of forest stands and can be discussed in the framework of habitat fragmentation which I define as (1) habitat loss (i.e., the overall reduction in the area of the focal habitat, old-growth coniferous forest); (2) isolation of the remaining patches of the focal habitat; and (3) edge effects (see also Saunders et al. 1991) .
Forest Patch Size and Species Richness
Fragmentation of habitat has been postulated as one of the major threats to biodiversity (Harris & Silva-Lopez 1992) , but actual analyses of forest fragmentation may be difficult to interpret (Haila et al. 1993) . For instance, instead of a decline, species richness may increase in small forest fragments. Halme and Niemelä (1993) found that in an agricultural setting, species richness of carabids was higher in small (0.5-3 ha) than in medium-sized (4-8 ha) or large forest fragments (10-20 ha). In another study no difference was detected in species richness of carabids between small ( Ͻ 5 ha) and large ( Ͼ 30 ha) fragments of old-growth forest surrounded by managed forest, but seven of the nine dominant species were more abundant in small than in large fragments (Niemelä et al. 1988) . With spiders Pajunen et al. (1995) found no correlation between species richness and size of forest fragment (range 0.5-100 ha). In a study of carabids and spiders in England, there was no relationship between species richness and the size of forest fragment (range Ͻ 0.1-10 ha) surrounded by farmland (Usher et al. 1993) . In central Finland species richness of ants showed a weak neg- ative correlation with size of forest fragment . Interestingly, Punttila (1996) showed that colony structure of ants is associated with their occurrence in the boreal forest landscape. Monogynous species (colonies with only one nest and one queen) that are efficient colonizers tend to prevail in young forests (logged 14-25 years ago), small old-growth fragments ( Ͻ 15 ha), and in edges of forest fragments. On the contrary, polygynous species (cooperative colonies with many queens) that disperse mainly through nest budding tend to dominate in older forests and larger old-growth fragments and occur commonly also in fragment interiors.
In the above examples the negative or no relationship between fragment size and species richness was explained by a stronger influx of species from the surrounding matrix into the small fragments (see also Webb & Hopkins 1984; Bauer 1989) . Furthermore, species turnover in the small forest fragments appears to be high as species from the matrix invade and specialists of old growth disappear. Thus, species richness per se may increase as a consequence of habitat fragmentation but species requiring interior habitat may suffer. For instance, no specialists of mature forest were found in the small forest fragments studied by Halme and Niemelä (1993) , and Usher et al. (1993) found a positive correlation between the richness of true forest-dwelling carabids and size of forest fragment.
Effects of Habitat Loss and Isolation
To disclose general patterns in the effects of logging in the boreal zone, we compared carabid beetle assemblages between the Palaearctic and the Nearctic. Beetles were collected in unlogged, mature coniferous forests and in nearby logged sites of five age classes: 1, 2, 10, 11-20, and 21-60 years since logging. Detailed analyses have appeared in Niemelä et al. (1988 Niemelä et al. ( , 1993 , but I summarize the main results.
On both continents carabid abundances were equally high or higher in regenerating sites cut less than 10 years ago and lower in the 20-to 60-year-old sites as compared to unlogged forest. More species were collected in the regenerating sites (standardized species richness: 14-30 species/200 individuals) than in the unlogged stands (10-13 species/200 individuals). Thus, the local carabid abundance and species richness increased after logging. Higher species richness in cut-blocks compared to old growth has been found in other groups of arthropods as well: spiders (Pajunen 1995; Pajunen et al. 1995) , ants (Punttila et al. 1991 , and butterflies (Väisänen 1995) .
Upon initial consideration this increased ␣ -diversity would seem to be a desirable ecological change. Nevertheless, maximizing species richness and diversity alone may be poor goals for conservation if the changes are caused by a profound alteration of species composition between the cut forest and the old-growth. I noted three types of responses.
(1) Several species (19 in Canada, 10 in Finland) were restricted to or were more abundant in the cutovers. These species appear to colonize rapidly after cutting and peak ca. 10 years post-logging when 55% of the catch was comprised of these species in Canada and 30% in Finland. As succession proceeds these species decline rapidly making up 8% of the catch in 20-to 60-year-old sites in Canada, 0% in Finland, and less than 5% in unlogged forest in both countries. (2) A few species occurred abundantly in most forest types. Finnish assemblages were numerically dominated by Calathus micropterus and Pterostichus oblongopunctatus (30-80% of the catch in each forest type). Interestingly, the same genera dominate in Canada, but the species are different: Calathus ingratus and Pterostichus haematopus occurred in all forest types (2-75% of the catch). The high carabid abundance and ␣ -diversity in the cut stands is attributable to the persistence of these species and the appearance of open-habitat species not found in closed forests. Results with similar trends were obtained by Atlegrim et al. (1997) in northern Sweden. (3) Species most vulnerable to logging are those restricted to old growth. For example, the cychrine species Scaphinotus marginatus in Canada and Cychrus caraboides in Finland constituted 3-21% of old-growth catch, 2-11% in the recently cut sites, but dropped to less than 0.5% 2 years after logging before recovering slightly in 10-to 60-yearold sites (2-4%). Nevertheless, if old-growth patches are not present locally to function as 'sources', these "sink" populations may not be able to survive in the long run.
Data from Punttila et al. (1991) and Niemelä et al (1996) indicate that the group of species found only in the old-growth forest makes up less than 10% of the forest fauna in different forest-floor arthropods (Fig. 2) . In carabids and spiders ca. 90%, and in ants 100% of the species collected along the succession gradient from cut-overs to old growth occurred in regenerating stands cut less than 20 years ago. Even in the recently cut sites ( Ͻ 2 years) 30-50% of the species collected in the entire succession gradient are present. In many other organism groups, the pattern is roughly similar, but in some taxa the proportion of old-growth specialists is higher (Table  1) . For example, in fungus gnats (Mycetophilidae) the proportion of species found only in old growth was ca. 30%, which is probably related to high diversity of fungal resources in that habitat (Økland 1994) . These obser-vations should be interpreted cautiously because sampling efforts were fairly low in some studies.
In Fennoscandia human activities have had especially adverse effects in the two ends of the succession gradient in the boreal forest. At the climax end old-growth forest has decreased, and in the young end natural regeneration after fire has virtually disappeared due to effective fire control. Because of the lack of burned substrates many invertebrates have declined in Fennoscandia (Muona & Rutanen 1994) . For instance, Ahnlund and Lindhe (1992) found 26 Red-Listed insect species in recently burned stands, and 14 of these were restricted to this habitat. Furthermore, it is worth noting that insect faunas in burned sites and clear-cuts are quite different. In clear-cuts Ahnlund and Lindhe (1992) found 31 redlisted species of which 12 were not found in burned sites.
Edge Effects
Invertebrate communities in the ecotones between logged and untouched forest have not been intensively studied in Fennoscandia. Helle and Muona (1985) , working on the level of families or higher taxa, reported highly variable abundances of several groups of invertebrates in a mature forest, edge, and surrounding clearcut. Nevertheless, their data do not allow the examination of species-specific responses. In Canada Spence et al. (1996) showed that forest fragmentation and the resulting increase in edge habitat may adversely affect mature forest carabids. Some species, such as Scaphinotus marginatus , were only collected in mature forest and did not cross the edge to the surrounding clear-cut. Some species abundant in the clear-cuts were found in the forest fragments as well. This invasion changes community composition in the forest fragments, but to what extent the invading species may adversely affect the resident forest species is unknown (Spence et al. 1996) .
Effects of Intensive Large-Scale Forestry
It is evident that forestry has caused declines in the Finnish insect fauna (Heliövaara & Väisänen 1984; Rassi et al. 1991; Siitonen & Martikainen 1994; Haila et al. 1995; Martikainen et al. 1996 ). An excellent example to this effect is provided by an inadvertent large-scale "experiment" along the border between Finland and Russia. Before World War II forestry practices were similar in the parts of Karelia surrendered to Russia after the war and in the adjacent areas remaining in Finland. Since the Punttila et al. (1991) and Niemelä et al. (1996) . war, Finnish forests have been intensively managed, whereas forests on the Russian side have remained virtually untouched. In a recent study Siitonen and Martikainen (1994) sampled an equal number of large aspen trunks on both sides of the border and found that insect diversity was higher in Russia than in Finland. Furthermore, samples from Russia yielded 15 species (186 individuals) Red-Listed in Finland, whereas collecting in Finland only produced one threatened species (1 individual). A similar trend of higher diversity in Russian Karelia compared with Finland has been observed in other saproxylic insects Siitonen et al. 1995) .
Figure 2. The cumulative proportion of spiders, ants, and carabid beetles in coniferous forests of different ages. The cumulative proportion is calculated as follows: the figure in the 0-year-old sites is the proportion of the total species richness occurring in that age class. In the 2-year-old sites the proportion is those occurring in the 0-year-old sites plus those occurring in the 2-year-old sites and so on. Data from
In another comparison between Finland and Russia in the same general study area, no significant difference was detected in the species richness or overall abundance of bark beetles (Martikainen et al. 1996) . Interestingly, however, there was considerable species turnover between the bark-beetle assemblages which probably reflects differences in forest management between the two countries. Species primarily inhabiting cut stumps and logging residue were more abundant in Finland, and those preferring dead deciduous trees or dead spruce in shady conditions were more abundant in Russia (Martikainen et al. 1996) . The pronounced differences in these studies are unlikely to be caused by differences in climate because the collecting sites were only a few tens of kilometers apart. Instead, it is likely that efficient forestry practices in Finland have changed forest structure, for instance, by removing dead and dying trees, and these changes are reflected in the insect fauna. Consequently, the less intensively managed Russian forests are crucially important for the maintenance of boreal biodiversity in the Palaearctic .
Conclusions What Needs to be Done
Based on the reviewed studies I suggest three complementary ways for maintaining boreal forest biodiversity.
(1) Protection of species and environments by ensuring the representativeness of reserves on the biogeographical and regional scales is necessary (Pressey et al. 1993; Haila 1994) . Sufficient undisturbed forest must be set aside to sustain specialist species and to serve as sources for recolonization. Furthermore, for the specialist species to survive, chains of delicate ecological interactions need to be maintained. Good examples are some saproxylic beetles requiring dead tree trunks decayed by certain types of polypore species occurring only in oldgrowth forest (Kaila et al. 1994; Samuelsson et al. 1994) . Although it is difficult to estimate the total number of species suffering because of logging, Berg et al. (1995) estimated that of the ca. 1200 threatened species examined in Sweden, 51% are sensitive to both thinning and clear-cutting. In addition to taxa dealt with above, examples of old-growth specialists suffering because of logging can be found in a variety of taxonomic groups (e.g., butterflies [Hydén & Sjökvist 1993] ), wood-inhabiting fungi (Bader et al. 1995) , bryophytes (Laaka 1992) , and epiphytic lichens (Kuusinen 1994a,b) .
(2) Because reserves are not, and will probably not be, large and representative enough to maintain the overall biological diversity in the boreal forest, how forestry is practiced in the matrix of commercially utilized forest is important. In Finland, for instance, more than 90% of forest land is managed for timber production. Thus, ecologically sound silvicultural practices must be developed. Nevertheless, as the ecological effects of timber harvesting are unavoidably different from those of any natural disturbance (Hunter 1993) , a total harmony between logging and biodiversity protection cannot be achieved.
How should timber harvesting be modified to minimize its harmful effects on biodiversity? A fruitful approach is to use natural disturbance regimes as guidelines (Angelstam & Rosenberg 1993; Hunter 1993; Bradshaw et al. 1994; Haila et al. 1994) . The underlying assumption is that as forest organisms are adapted to natural disturbances (e.g., fire), they would be able to cope with environmental changes caused by timber harvesting that resembled those of natural disturbance (Noss & Cooperrider 1994 ). According to a Swedish model dry, pine-dominated forests that burned often could be harvested and regenerated by using a modified clear-cutting leaving seed-trees and groups of trees (Angelstam & Rosenberg 1993) . At the other end of the forest-type continuum, moist, spruce-dominated forests that burned rarely and regenerated largely through the death of single trees should be left untouched or harvested by removing single trees. This approach, with local modifications, has already been implemented in Sweden (Dahlin & Sallnäs 1994) , and a similar approach has been proposed in Finland (Anonymous 1995) . These ideas are compatible with the "new forestry" approach developed in the Pacific Northwest of the United States (Franklin 1989; Swanson & Franklin 1992; Franklin 1993; Noss & Cooperrider 1994) .
Numerous studies show that two characteristics of the old-growth forests are important for many specialist species: coarse woody debris and large deciduous trees (e.g., Berg et al. 1994 Berg et al. , 1995 Haila 1994; Samuelsson et al. 1994; Siitonen 1994; Økland et al. 1996) . Furthermore, many species are dependent on forest fires and post-fire successional stages often dominated by deciduous trees (e.g., Ahnlund & Lindhe 1992; Wikars 1992; Muona & Rutanen 1994) . It is important that the forest harvesting methods to be developed maintain and enhance these elements of the natural taiga forest.
The similarity of responses to logging by Fennoscandian and Canadian species implies that similar manage-ment measures may be utilized across the Holarctic. Nevertheless, Mönkkönen (1994) pointed out that differences in bird communities between the Palaearctic and Nearctic call for local modifications, and this is true for invertebrates as well .
(3) In theory habitats already changed may be "restored" and along with them species relying on these habitats may be recovered (Noss & Cooperrider 1994) . The recovery of species presupposes, however, that colonists are available, which may not always be the case. For instance, in southern Finland old-growth forest is restricted to small and isolated fragments. Furthermore, ecological recovery may be very slow in the boreal forest. Økland (1994) reports that populations of mycetophilids had not returned to the levels found in old-growth forest even 70-120 years after logging. This suggests that species had gone extinct or become dramatically reduced in large areas and had not been able to recolonize the maturing forest. Although old-growth specialists may occur in low numbers in the managed forest, perhaps maintained by immigrants from the old-growth sources, these sink populations probably disappear if cut-overs become too large hampering movement of individuals between the preferred old-growth fragments. We have little concrete basis for assessing these long-term faunal changes that are certain to accompany forestry activities (Warren & Key 1991; Niemelä 1993; Niemelä et al. 1993 .
Some experimental restorations have been done in Fennoscandia but research into the feasibility of these activities lags behind. For example, prescribed burning has produced encouraging results as colonization by fire-dependent invertebrate species has been detected (Muona & Rutanen 1994; Wikars 1995) . In addition to restoring single sites, restoration should be seen as a broad concept encompassing the whole landscape and the entire successional cycle (Noss & Cooperrider 1994) . Managing the landscape for old growth includes allowing second-growth stands to mature without human intervention.
Spatial Scale
Effects of forestry on biodiversity vary from one ecological scale to another (Økland et al. 1996) . Although logging may increase ␣ -diversity at the stand level (at the cost of old-growth specialists), large-scale forestry operations seem to decrease diversity at landscape and biogeographical scales. What is the right scale to protect, manage, and restore forest biota? The answer appears to be that diversity should be preserved on all scales (Esseen et al. 1992; Noss 1992; Haila et al. 1994; Arnold 1995) . From the management point of view the stand and landscape levels are the most important because this is the scale on which forestry usually operates. On the other hand, harvesting methods should ensure that sufficient amounts of microhabitat and "microecosystems" (Haila 1994 ) are being maintained. These include, for instance, coarse woody debris and edaphically aberrant sites. Niemelä et al. (1996) concluded that for grounddwelling arthropods important variation occurs on the scale of meters. Thus, it may suffice to preserve suitable patches for local populations provided that on the larger scale connectivity among patches is ensured. The critical distance varies, however, among species' depending on each species' dispersal ability, but little is known about the dispersal ranges of most species.
The clear differences in species occurrence among successional stages of forest underlines the necessity to adopt a larger scale-landscape level-approach to conservation (Esseen et al. 1992; Franklin 1993; Noss & Cooperrider 1994; Anonymous 1995; Arnold 1995; Øk-land et al. 1996 ). In the forest landscape different types of mature forest must be left in appropriate area proportions. These "planning units" may be harvested when other forest patches of similar type have matured nearby (Harris 1984) . Care must be taken that an approximation to the natural spatial and temporal continuum is maintained. If the inter-patch distances become too long, patchily distributed species may not be able to recolonize temporarily empty patches. Furthermore, biogeographical scales need to be considered (Haila 1994) . On this scale (e.g., Finland), it is important to preserve the representativeness of different forest types in order to enhance the long-term maintenance of boreal forest biodiversity (Pressey et al. 1993 ).
The Future of Boreal Biodiversity
Ecological knowledge is imperative when modifying present harvesting methods to minimize their harmful effects on biological diversity (Esseen et al. 1992; Swanson & Franklin 1992; Noss & Cooperrider 1994; Franklin 1995 b ; Lubchenco 1995) . However, as Haila (1994) and Franklin (1995 a ) point out, the type of information provided by scientists is not always relevant to managers. Consequently, improved collaboration among all parties involved in the forest discourse is necessary (Hautaluoma & Woodmansee 1994) . This way the requirements of nature protection and timber harvesting can be considered simultaneously to develop socio-economically acceptable and ecologically sound forest-resource policies (Walters & Holling 1990; Irwin & Wigley 1993; Kuusipalo & Kangas 1994) . To achieve this ambitious goal Franklin (1995 a ) proposed integrating science, management, and policy according to the following sequence: (1) develop new ecological knowledge through scientific research; (2) use this knowledge to alter management practices; (3) validate the new practices; and (4) implement the new practices. A scheme along similar lines to achieve sustainability in forest management was proposed by Haila (1994) . Franklin (1995 a ) points out, however, that management changes rarely follow this sequence. Often other objectives drive decisions, and foresters must rely on incomplete scientific knowledge to develop management practices.
An example is the rapid paradigm shift concerning the management of Fennoscandian boreal forest. Strong public pressure to change the ways forestry has been practiced surfaced so rapidly that research was not able to keep apace. More recently, considerable new knowledge relevant to management of boreal forests has been generated (e.g., Kouki 1994; Angelstam et al. 1995) . Results of this research have been used to alter management practices (Fries 1994) , and the new practices are increasingly being subjected to experimental validation and consequent adjustments. For instance, in Sweden, an experimental study indicates that selective felling (ca. 30% of the trees removed) has no or much less effect on the occurrence of forest-floor invertebrates than clearcutting (Atlegrim & Sjöberg 1995) . However, some other groups of organisms, such as saproxylic beetles, appear to be much more sensitive to forestry operations (Økland et al. 1996) .
Care has to be taken that evaluations of the harvesting methods are based on true integration of ideas from scientists, managers, and the public (Irwin & Wigley 1993) . Linking research in species conservation, resource management, and socioeconomics with management into tangible results is elegantly exemplified by forest management plans developed recently in the Pacific Northwest of the United States (Wilcove 1994; Franklin 1995 a , b ) . This collaborative approach between scientists and managers, however, may prove fruitless if local residents oppose the suggested plans (Noss & Murphy 1995) .
Heterogeneity on all ecological scales is the rule in all natural ecosystems; boreal forest is just a specific example (Niemelä et al. 1992 a ; Økland 1994) . Furthermore, because species richness of different taxa do not correlate well , conservation of total biological diversity is not simple (Usher 1992) . This variability in species compositions of assemblages and in local environmental conditions underlines the necessity to think globally and act locally. Although broad generalities in species responses to logging can be detected across the Holarctic, harvesting methods must be adapted to local conditions, and a continuous adjustment of methods is necessary. Unfortunately, there is no general set of prescriptions for the ecologically sustainable use of such a complex and extensive biome as the boreal forest.
